The long-term average speech spectrum (LTASS) and some dynamic characteristics of speech were determined for 12 languages: English (several dialects), Swedish, Danish, German, French (Canadian), Japanese, Cantonese, Mandarin, Russian, Welsh, Singhalese, and Vietnamese. The LTASS only was also measured for Arabic. Speech samples (18) were recorded, using standardized equipment and procedures, in 15 localities for (usually) ten male and ten female talkers. All analyses were conducted at the National Acoustic Laboratories, Sydney. The LTASS was similar for all languages although there were many statistically significant differences. Such differences were small and not always consistent for male and female samples of the same language. For one-third octave bands of speech, the maximum short-term rms level was 10 dB above the maximum long-term rms level, consistent across languages and frequency. A "universal" LTASS is suggested as being applicable, across languages, for many purposes including use in hearing aid prescription procedures and in the Articulation Index.
INTRODUCTION
Representations of the long-term average spectrum of speech (LTASS) have various acoustical and audiological applications. In rehabilitative audiology the LTASS is widely used in the prescription and evaluation of hearing aid fittings. It is used in many hearing aid prescription procedures either in the derivation of the prescriptive formula (e.g., Berger et al., 1977; Seewald et al., 1985; Byrne and Dillon, 1986) or in calculating the prescription for the individual client (e.g., Cox, 1988; Skinner, 1988) . The Articulation Index (ANSI, 1969) , which has many current or potential uses including the evaluation of hearing aid fittings (e.g., Pavlovic, 1989) , depends on using the LTASS. Although there are many published measurements of the LTASS, no particular set of values is universally accepted. Indeed, the different hearing aid selection procedures use various sets of values (Skinner, 1988) (1964) concluded that there were significant differences among these languages in the midfrequency region (700-1500 Hz for males, 1000-2000 Hz for females). They attributed this difference to the relative occurrence of vowels with second formants in this region. Harmegnies and Landercy compared Dutch and French speech spectra of 20 male talkers who spoke both languages. They concluded that individual talker differences accounted for most of the variability in spectra but that the•'e probably were small language differences which did not exceed 5 dB in any frequency region. They suggested that the differences probably arose from differences in phoneme distributions for the two languages. One particular effect, which occurred around 1000 Hz, was attrib- in the recording or analysis conditions and these differences may be responsible for some small differences in results. One important procedural variable is the angle of incidence of the recording microphone to the talker's mouth. The majority of studies have used 0 ø incidence (i.e., microphone directly in front of mouth) recorded in anechoic or approximately equivalent conditions. Some, however, have recorded a "chorus" of talkers with the microphone placed in the diffuse far field (Tarnoczy and Fant, 1964; Dalsgaard and Pedersen, 1966; Tarnoczy, 1971 ). Owing to the directionality of the human mouth/head and torso (Dunn and Farnsworth, 1939) , the high frequencies will mainly be radiated in the frontal direction while the diffuse field will represent a spatial integration of radiation in all directions. Furthermore, most room surfaces have a greater absorptivity for highfrequency sounds than for low-frequency sounds, so reverberant or diffuse sound fields will tend to have relatively weaker high-frequency components when compared to anechoic sound fields. Consequently, the relative highfrequency content will be higher in the frontal/anechoic conditions. Nonetheless, the differences in LTASS between the chorus studies and most of the other studies are not large and do not affect within-study comparisons of languages. Notable differences may be obtained when speech is recorded with an angle of incidence substantially different from 0 ø (Studebaker, 1985) . Cornelisse et al. (1991) . These last two studies reflect (intentionally) head diffraction and body baffle effects as well as variations resulting from the directionality of speech.
In the present study, the recording microphone was placed at 45 ø incidence to the talker's mouth axis and at a distance of 20 cm. At this close distance, which was selected to optimize the signal-to-noise ratio and to minimize the effect of any reverberant field present, it was considered undesirable to position the microphone directly in front of the mouth because of breath noises from plosive sounds. The use of 45 ø, compared with 0 ø, has been shown to result in a relative reduction of about 2 dB at frequencies from 1000 to 5000 Hz and slightly more at 8000 Hz (Studebaker, 1985) . Our choice of incidence could be considered to be a compromise between 0 ø, which maximizes the relative highfrequency content, and reverberant conditions or other angles, which result in varying amounts of reduction in high frequencies.
The LTASS will undoubtably be influenced by the type of speech material that is analyzed. For example, the accuracy with which the Articulation Index (AI) predicts speech recognition test scores will be optimized by using the LTASS of the material in that test (Studebaker and Sherbecoe, 1992 (Tarnoczy, 1971) , there may be other more subtle differences that could be language or dialect dependent. The present study, therefore, includes separate analyses of data for male and female voices.
I. METHODS

A. Overview
Eighteen speech samples were recorded in 13 countries (15 locations) using standard sets of equipment and a stan-dard protocol. The recordings were then analyzed at the National Acoustic Laboratories (Australia). The recordings represented 13 languages including English as spoken in four countries. Table I The talker was instructed to read aloud at a normal speed and level. Before recording, each talker read the passage silently and then read it aloud at least once to ensure reasonable fluency. The talker was instructed that it did not matter if there were some mistakes and that he or she should keep on reading rather than stopping to correct any errors. The practice reading was also used to set the tape recorder to an appropriate recording level (adequate but with minimal overloading) and this setting was noted so that absolute levels could be calculated later. (Although not calibrated, the recorder volume control was large and well marked and thereby permitted settings to be reproduced accurately.)
F. Analysis procedures
Each recording of speech was analyzed, using a Bruel & Kjaer 2131 analyzer coupled to a Tektronics computer, to derive overall and third-octave band rms levels, averaged over 64 s of signal. Absolute levels were derived by comparing the output intensity to that of a standard pure-tone calibrator which was used to record an 84 dB SPL tone on the tape and was replayed.
The frequency response of each microphone and tape recorder was analyzed at the center of each 1/3 octave frequency from 100 to 10 000 Hz. As the variation between the correction figures for each set of equipment relative to the average correction figure was less than 1.2 dB, and for most frequencies was less than 0. 
G. Statistical treatment
The long-term equivalent 1/3 octave and overall levels obtained from the spectrum analysis were processed in two ways. The first concentrated on examining differences in spectral shape, while the second concentrated on examining differences in overall level.
One-third octave levels for each talker were corrected by the measured frequency response of the tape recorder and microphone. These values were normalized so that the longterm overall (linear frequency weighting) level was 70 dB. Two-way analysis of variance (ANOVA) was performed with "Sample" as a between-groups variable and "Frequency" as a within-groups variable. ("Sample" is used in preference to "country," "language," or "location" because, in some instances, two languages were recorded in the same location and, in other instances, the same language was recorded in two or more countries or locations.) Separate analyses were performed for the male and female talkers.
To enable a ready comparison among samples, the grand average spectrum was calculated by averaging, separately for males and females, the mean spectrum for all samples excluding Arabic (see later). The mean for each sample, males and females separately, was then plotted against the grand average spectrum.
The significance of deviations from the grand average spectrum was assessed as follows. The grand average spec- The overall levels in dB SPL with a flat frequency weighting were analyzed in a two-way ANOVA with sex and sample as between-group variables.
H. Analysis of Arabic
The Arabic speech, which became available later than the other samples, received a more limited analysis. The LTASS was determined by the procedures described above but dynamic range measurements were not undertaken. Arabic was not included in the statistical treatment (ANOVAs) or in determining the "universal" LTASS to be presented later. The significance of differences between Arabic and the universal LTASS was assessed by t tests.
II. RESULTS
A. Shape of the speech spectrum
For both the male and female talkers, the major effects of sample and frequency, and the interaction between, them were all significant with p <0.000 001. Figures 1-4 The values for the grand average spectra (included in Figs. 1-4) for males, and females, are shown in Table II . The third column shows a combined long-term average spectrum. For frequencies up to and including 160 Hz, it is equal to the male spectrum. For higher frequencies, it is equal to the average of the values for males and females. As will be discussed later, this is recommended as an appropriate universal spectrum for many, but not all, purposes.
B. Overall levels
The ANOVA (with non-normalized data) showed that sample was highly significant (p < 0.000 001) but that sex 
C. Dynamic range
All values for each talker were normalized by subtracting that talker's Leq value for the respective band. The resulting relative levels are shown in Fig. 6 . The only major variations between the samples occurred for the L90 and L99 percentile levels. These may not be indicative of genuine differences between the languages and dialects because these levels are presumably affected by the amount of background noise present during pauses in the continuous discourse.
A four-factor ANOVA was performed on the data with the L 90 and L99 data excluded. Between-groups factor were sample and sex, and repeated measures factors were band and percentile. The main effects are of no interest, and of the 11 interaction effects the following were significant: sex x band, sample x percentile, sex X percentile, band X percentile, sample X sex X percentile, sample X band x percentile, sex x band x percentile, and sample x sex x band x percentile. With the exception of sample x sex x percentile (p=0.008), all of these were significant with p< 0.000 2. Despite the extremely high level of significance, the effects were generally only a few decibels in magnitude, and the statistical significance arose from the large number of talkers and observations. Figure 7 shows all the percentile levels as a function of band and sex.
D. Individual talker differences
The spectra for individual talkers showed substantial variations. This was true for all samples although there was 
E. LTASS for Arabic
The LTASS values (dB) for Arabic, normalized to 70 dB overall level (linear), are shown in Fig. 9 .
III. DISCUSSION
The overall finding of this study is that the LTASS is very similar over the wide range of languages that were analyzed. Indeed, there is no single language or group of languages which could be regarded as being markedly different from the others. Therefore, it is feasible to propose a univer- For 6300 Hz and higher frequencies, female levels exceeded male levels. This was a consistent finding; when averaged across the frequencies from 6300 to 12 000 Hz inclusive, the average level for females exceeded that for males for every country although only marginally so in some instances. This is shown in Figs. 1-4 . The average difference between males and females, in this range, was 2.6 dB, with d, ifferences ranging from 0.3 to 5.9 dB. The same trend occurred in the Arabic data (Fig. 9) in that the female values exceeded the male values by an average of 2.9 dB. Some previous studies have found a higher overall level, typically 2-3 dB, for male than for female voices (Benson and Hirsh, 1953; Byrne, 1977; Pearsons et al., 1977) . Our data do not show a significant difference although the small C. Effects of normalization/analysis methods Most of the above deviations occur in the highfrequency or midfrequency region. However, the nature of the deviations observed will depend partly on the choice of analysis method. The normalization process ensured that the overall level of all talkers was set to 70 dB SPL. Because the overall level is dominated by the more intense low-frequency bands, there is less chance of observing differences among talkers in this region. The alternative of normalizing at one specific frequency would cause the same problem to a greater degree. The use of non-normalized levels would make the detection of differences in shape dependent on the range of overall levels allowed by each experimenter because variation of overall level would add to the variance among talkers at each frequency.
The significance of the major effect of "sample" within the analysis of variance of spectral shape is at first surprising because the data had been normalized so that all talkers had an overall level of 70 dB SPL. The effect is readily explained by variations in the high-frequency region. Because the speech spectrum is weighted towards the low frequencies, the overall level, based on a power addition of the individual bands, is little affected by the level of the lower intensity, high-frequency components. The ANOVA statistic, however, sums the decibel value of all bands linearly, so variations in the high-frequency level affect the major effect of sample just as much as do variations in the low-frequency levels.
D. Dynamic range
The dynamic range measurements, like the LTASS measurements, show that all languages are similar despite there being a number of statistically significant, but small, differences. Essentially, the L 5 0, L 10, L 1, Max, and Peak values are equivalent across all samples (Fig. 6 ) and for males and females (Fig. 7) . There is one difference between our data 
E. Overall level
The measured overall speech levels of our subjects averaged about 72 dB SPL for both male and female talkers. As the recording microphone was only 20 cm from the mouth, this level would correspond to 58 dB SPL at a distance of 1 m, assuming no reverberation. This level is about 5 dB less than is usually reported for conversational speech (Pearsons et al., 1977) . We suggest that, despite instructions to speak "normally," many talkers tend to speak at a low level when a microphone is placed close to them. This may be analogous to the natural tendency to adjust voice levels according to the distance from listeners. In similar vein, it has been shown repeatedly (see Byrne, 1983 for review) that the typical speech input received by moderately impaired hearing aid wearers is about 70 dB SPL which requires greater than normal vocal effort. We believe that no significance should be attached to the overall levels found in a study such as ours except to note that differences in vocal effort affect the LTASS. Greater vocal effort will result in an increase in the relative mid-to high-frequency content of speech, although the differences between soft and average speech are small (Pearsons et al., 1977; Kiukaanniemi et al., 1982) .
F. Universal LTASS
The similarity of the LTASS across samples demonstrates that it is reasonable to propose a universal LTASS which should be satisfactory for many purposes and applicable to most, if not all, languages. Such a LTASS should be suitable for hearing aid prescription procedures and for the Articulation Index, regardless of language. The comparability of speech dynamics across languages also supports the idea that the application of such procedures to different languages is not complicated by acoustical differences in conversational speech. Of course, there may well be other complications, such as possible differences in frequency importance functions across languages, which would need to be investigated before applying procedures like the Articulation Index universally. Our recommended universal LTASS is very similar to the recommendation of Cox and Moore (1988) (see Table II ) but it has the advantages of having been derived from a larger total data set and of representing a range of languages. It may also be more realistic because it is based on a 45 ø rather than 0 ø angle of incidence.
As mentioned earlier, substantially different speech spectra have been obtained for measurements made at different angles of incidence with respect to the talker and when influenced by variations in head/body diffraction effects (Cornelisse et al., 1991; Stelmachovicz et al., 1993) . Those measurements were prompted by an interest in prescribing amplification for children and the recognition that speech is often presented from directions other than directly in front of the child. In a revised version of a hearing aid prescription procedure, Seewald (1992) opted to use a compromise between the usual (0 ø incidence) LTASS and one recorded at the ear of the talker. The possible merits of such a choice will not be considered here but it is mentioned to show that there may be an argument for using different LTASS values for particular purposes. Nonetheless, our universal LTASS could serve as a basis from which any required variations could be made. There could be circumstances where separate male and female spectra would be desirable, namely applications where the very low frequencies are significant. However, a single LTASS is sufficient and, therefore, preferable for the applications considered here, that is, in relation to hearing aid prescription and the AI or similar procedures for predicting speech intelligibility. Our universal LTASS should also be sufficiently precise for a range of more general applications concerning the design or use of speech transmission systems.
Finally, it is clear that the LTASS and the dynamic characteristics of conversational speech are very much dominated by the characteristics of the vocal mechanism. Although different languages use different vowels (formant structures) and the frequency of occurrence of various phonemes differs, these factors appear to have had only minor effects on the LTASS and dynamic measures of conversational speech. Furthermore, these differences are not even consistent across male and female talkers of the same language.
